Infants of diabetic mothers (IDMs) are at risk for perinatal brain iron deficiency that may target the developing hippocampus. The objective of this study was to evaluate hippocampally based recognition memory and infant development in IDMs with suspected brain iron deficiency (BID; cord ferritin Յ34 g/L) compared with IDMs with sufficient brain iron stores (BIS; cord ferritin Ͼ34 g/L) using event-related potentials (ERPs). ERPs assessed neonatal auditory cortical responses to sounds and auditory recognition memory in response to the mother's voice compared with a stranger's voice. Thirty-two newborn IDMs had cord serum ferritin concentrations and provided neonatal ERP data (n ϭ 23) and/or blinded 1 y developmental assessments (n ϭ 28). Auditory cortical responses to speech and nonspeech sounds were similar in the BID and BIS groups. In the maternal voice recognition paradigm, peak latencies were shorter in the BID group than in the BIS group. Infants in the BIS group displayed a significant negative slow wave for the strangers' voices compared with the mothers' voices, whereas the BID group did not. Higher cord ferritin concentrations were correlated with larger negative slow waves at the right temporal (T4) electrode site. At 1 y of age, motor development was slower in the BID group than in the BIS group. IDMs suspected to have BID demonstrated impaired neonatal auditory recognition memory and lower psychomotor developmental scores at 1 y of age than IDMs with BIS. These impairments map onto areas of the developing brain known to be vulnerable to iron deficiency. Iron plays a significant role in early brain structural development and function because it forms an important component of enzymes involved in cell replication, myelinogenesis, neurotransmitter synthesis, and cellular energy metabolism (1, 2) . Deficiency of dietary iron during infancy and childhood is associated with long-term effects on cognitive development that persist after treatment of iron deficiency (3) . Iron deficiency also may occur earlier in life, during the fetal period, in infants of diabetic mothers (IDMs) and infants with intrauterine growth restriction (4 -7) . When severe, fetal iron deficiency has been associated with a 40% reduction in brain iron concentration in the human IDM (6) . In perinatal animal models, a similar degree of iron deficiency results in diminished hippocampal iron content and decreased cytochrome c oxidase activity (8) , with persistent hippocampal biochemical (9) and dendritic structural changes (10) .
Perinatal reductions in iron content in the hippocampus may have functional consequences for the development of recognition memory, beginning soon after birth. In the newborn, the degree of histologic maturation of the hippocampus seems to be sufficient to support rudimentary recognition memory abilities (11) . Indeed, neonatal recognition memory has been demonstrated using behavioral and neurophysiologic techniques (12) (13) (14) (15) . Therefore, fetal insults that affect the developing hippocampus may cause in recognition memory measurable impairments that can be assessed during the neonatal period. We have previously shown that IDMs have impairments in auditory, visual, and cross-modal recognition memory at birth and during the first 8 mo of postnatal life (14, 16, 17) .
However, the role of iron deficiency in these findings has not been explored.
The purpose of this study was to evaluate auditory recognition memory in newborn IDMs with evidence of fetal iron deficiency severe enough to cause brain iron deficiency (BID) and to compare infant development at 1 y of age in the BID and brain iron sufficient (BIS) groups. We hypothesized that newborn IDMs with suspected BID would show evidence of impaired maternal voice recognition at birth and lower developmental scores at 1 y of age compared with IDMs with normal iron status. Maternal voice recognition was evaluated using event-related potentials (ERPs), a neurophysiologic technique that is widely used by cognitive neuroscientists to study recognition memory.
METHODS

Subjects.
The study was approved by the Institutional Review Boards of the three participating hospitals. Informed consent was obtained from each family. Fetal metabolic effects of diabetes are seen in infants of both gestational and pregestational diabetic mothers (5) . Therefore, both groups were recruited to participate in a longitudinal study of the effects of maternal diabetes on infant memory development. As it was anticipated that some of the diabetic women would deliver before term, premature infants who were born at or beyond 34 wk gestation were included in the study when they were healthy after birth without complications of prematurity.
The iron status of the newborn human brain cannot be measured noninvasively but can be inferred from the serum ferritin concentration at birth. Brain iron concentrations correlate directly with liver iron concentrations (r ϭ 0.8 in IDMs) (6) , and brain iron is preserved until liver storage iron is decreased by 70% (6, 18) . Neonatal liver iron stores per kilogram of body weight can be estimated from the newborn serum ferritin concentration on the basis of the logarithmic relationship between the two factors (19) . Seventy percent loss of normal neonatal storage iron results in a value of 5.1 mg Fe/kg body weight and predicts a serum ferritin concentration of 34 g/L (19). Therefore, a neonatal serum ferritin concentration of 34 g/L was used as the threshold value for determining suspected brain iron deficiency in this study.
Umbilical cord or neonatal blood (obtained in the first 3 d of life) was obtained for evaluation of serum ferritin concentrations, determined in duplicate by chemoluminescent immunoassay (Beckman Access Immunoassay System; Beckman Coulter, Brea, CA, U.S.A.) (4, 5) . Interassay variability was Ͻ3%. Infants were divided into two groups on the basis of their ferritin concentrations. Ferritin concentrations of Յ34 g/L classified an infant as suspected BID, with ferritin concentrations of Ͼ34 g/L as BIS.
For comparing the groups for perinatal complications not related to diabetes, an obstetrics complication scale was used (20) . Points given for diabetes or insulin use were removed before comparison of the groups. Hearing was screened by a pediatric audiologist using an otoacoustic emissions test. Infants who failed the screening evaluation were excluded from the study. Neonatal ERPs were collected as in previous studies (14, 15) , summarized below.
ERP background information. ERPs are neurophysiologic recordings used by cognitive neuroscientists to evaluate abilities such as memory. In an ERP, the recording of the EEG is time-locked to multiple presentations of the stimuli. Stimuli that have similar physical properties but differ in cognitive aspects such as familiarity are chosen. By averaging data from multiple stimulus presentations together, random brain activity that is not related to the stimulus is decreased and brain activity that occurs in response to the stimulus emerges in the waveform (21) . Individual infants' ERPs can be averaged together to create a grand average ERP.
The infant ERP waveform consists of peaked components and slow waves. Peaked components, or peaks, are deflections in the brain activity that represent the synchronized activation of discrete populations of neurons. Peaks rise from the baseline and fall back over a short period. The amplitude is measured at the point of maximal deflection. The latency is measured as the time from the onset of the stimulus to the maximal deflection (Fig. 1) .
The peaks generated in the auditory cortex undergo a distinct maturational pattern (22) . The most immature response (level I) is typically seen before term gestation. It consists of negative peaks over midline and lateral scalp locations process (Fig. 1 ). With maturation, the peaked component becomes positive first over the midline and finally over the lateral scalp site (level V). By term, most infants have maturity levels of level III or greater. The positive peak noted over the midline is denoted as the P2 peak as it is thought to be a predecessor of the adult P2 peak (23) .
In contrast to the peaks, slow waves are slow deflections in the ERP without discernible peaks (Fig. 2) . Slow waves reflect diffuse and sustained neural activity (21) and are commonly seen in very young infants. Slow waves are analyzed by integrating the area under the ERP curve. We have previously demonstrated negative slow waves in response to a stranger's voice in comparison with the mother's voice in healthy fullterm infants (14, 15) but not in IDMs (14) . However, the role of iron deficiency was not assessed in that study.
ERP study design. Infants were tested at 38 -42 wk postmenstrual age, while in a behavioral state of active sleep (24) . Two paradigms were administered. First, auditory cortical maturation was assessed using ERP methods similar to those described by Novak et al. (22) . Stimuli were a speech sound (the sound "ba" in a female voice) and a nonspeech sound (a computer chime). Both sounds were recorded, digitized, and edited to 400 ms and 80 dB sound pressure level using the Sound Blaster software program (Creative Labs; Milpitas, CA, U.S.A.). The sounds were presented alternately for 100 trials while brain activity was recorded as described below.
Second, to assess auditory recognition memory processing, ERPs were recorded in response to the mother's voice alternating with a stranger's voice for 100 trials (i.e. mother-stranger-motherstranger). The stranger's voice varied for each infant and was the mother's voice from the previous infant. The stimulus consisted of the word "baby" digitized and edited to 750 ms and 80 dB sound pressure level, again using the Sound Blaster software program. It is not likely that newborn infants can recognize specific words,
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but it was presumed that all pregnant women and new mothers would have used the word "baby."
All sounds were presented to the infant's right ear using an EAR tone 3A-insert earphone (Cabot Corporation; Indianapolis, IN, U.S.A.). The right ear was chosen because there is a right ear advantage in processing language (25) . Stimulus presentation was computerized, and the technician who performed the ERP test was not able to hear the sounds during the test session.
ERP recordings. For evaluating auditory cortical maturation, ERPs were recorded from the midline central (Cz) site and from two lateral sites denoted CM3 and CM4 (14, 15, 22) . For evaluating recognition memory, ERPs were recorded from parietal, central, and frontal midline sites (Pz, Cz, and Fz) as well left and right anterior temporal sites (T3 and T4), according to the International 10/20 system of electrode placement (26) . Data were recorded for 100 ms prestimulus (baseline) and for 2000 ms after the stimulus onset. The interval between the stimuli varied randomly from 3900 to 4900 ms. The raw EEG was recorded, artifacts were rejected ,and average ERPs were created via computer algorithms using methods described by Nelson et al. (21) .
At 1 y of age (adjusted for prematurity if needed), the Mental and Psychomotor Indices of the Bayley Scales of Infant Development (II) (27) were administered by an occupational therapist who was blinded to the group assignment of the infant.
Data analysis. Each infant's speech and nonspeech sound ERPs were assigned maturity levels I-V (22). P2 peak amplitudes and latencies were measured for the peak in the window of 150 -400 ms at the Cz and Fz electrode sites (Fig. 1) . For the ERPs elicited by the mothers' and strangers' voices, the P2 peaks and latencies also were evaluated as above. The slow wave activity was analyzed by integrating the areas under the curve (21) . This was done for the mother and stranger ERPs at each of the five scalp electrode sites (Pz, Cz, Fz, T3, and T4), over the entire 2000-ms recording interval.
Statistical analysis. Statistics were performed using the Statview 4.5/SuperAnova software package (Abacus Concepts, Berkeley, CA, U.S.A.). Clinical characteristics were compared between the groups using two-tailed t tests or Fisher's exact tests. Maturity scores for the speech and nonspeech sound stimuli were compared using Fisher's exact tests. The P2 peak amplitudes and latencies and areas under the curve (for slow wave activity) were analyzed using repeated measures ANOVA with brain iron group as a factor. Significant differences were followed up with Newman-Keuls multiple range tests or paired t tests as appropriate.
For each infant, the area under the curve for the mother's voice ERP was subtracted from the area under the curve for the stranger's voice ERP to assess the area between the two curves, or the area of the slow wave itself. Neonatal ferritin concentrations were correlated with the areas of the slow waves at each of the five electrode sites (Pz, Cz, Fz, T3, and T4) using linear regression analyses.
Data are presented as the mean Ϯ one SEM. A p Ͻ 0.05 was considered to be statistically significant.
RESULTS
Thirty-four infants had umbilical cord or neonatal serum ferritin concentrations, met the inclusion criteria, and participated in the study. For two infants, the neonatal ERPs were not analyzable because of excessive artifacts in the recordings. These two infants withdrew from the study before 1 y of age, so their data were not used in any analyses. Of the remaining 32 infants, 10 had suspected BID with serum ferritin concentrations Յ34 g/L and the remaining 22 infants composed the BIS group. Twenty-three newborns provided artifact-free ERPs (9 BID, 14 BIS), and 28 infants provided 1-y follow-up (9 BID, 19 BIS). Data from 11 (3 BID, 8 BIS) of the infants was previously published as part of a larger study in which ferritin concentrations were not available for the majority of the infants (14) .
Clinical characteristics of the BID and BIS groups are shown in Table 1 . Mean birth weights of the BID group were significantly higher than those of the BIS infants. Pregestational diabetes was more common in the BID group, but insulin therapy was common in both groups. Obstetric complications apart from diabetes were similar between the groups. The BIS and BID groups underwent ERP testing at the same postnatal and postmenstrual ages.
Auditory cortical responses to speech and nonspeech sounds. For the speech and nonspeech sounds, 8 BID and 13 BIS infants provided artifact-free data. One BID infant had an atypical ERP with no discernible peaks in response to either the speech or the nonspeech sound, and maturity levels could not be assigned. For the remaining infants, there were no differences between the groups in the proportions of infants at level V maturity for the speech sound 
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(BID 6 of 7; BIS 11 of 13) or for the nonspeech sound (BID 5 of 7; BIS 13 of 13; Fig. 3 ). There were no differences between the BID and BIS groups in the P2 peak amplitudes and latencies for the speech and nonspeech sounds in the window 150 -400 ms. Peak amplitudes were higher at the central (Cz) electrode site (10.9 Ϯ 1 V) than at the frontal (Fz) electrode site (9.2 Ϯ 1.1 V; p ϭ 0.05), a typical pattern for this age group, and this was seen across both the BID and the BIS groups.
Recognition memory . Nine infants in the BID group and 13 in the BIS group provided artifact-free data for the recognition memory paradigm. The P2 peak amplitude for the ERP elicited by the mother's voice was similar to that elicited by the stranger's voice for both of the groups. There were no group differences for peak amplitudes. There were no significant interactions (Figs. 2 and 4) .
Across both the mother's and the stranger's voice ERPs, latencies to the P2 peak were significantly shorter in the BID group than in the BIS group (BID 247 Ϯ 12.7 ms; BIS 290 Ϯ 10.5 ms; p ϭ 0.049). For both the BID and the BIS groups, the latency was longer to the peak elicited by the mother's voice (mother ERP latency 290 Ϯ 11.2 ms; stranger ERP latency 255 Ϯ 11.9 ms; p ϭ 0.049). There were no effects of electrode site or any significant interactions in the ANOVA.
The ANOVA for the areas under the curve showed a significant group ϫ area interaction (p ϭ 0.019). Post hoc testing revealed a significant difference between ERP areas under the curve for the mother's and stranger's voices (p ϭ 0.014) in the BIS group but not in the BID group (p ϭ 0.43). For the BIS group, the difference between the ERPs elicited by the mothers' and strangers' voices was a negative slow wave, a typical finding seen in healthy full-term newborns. This was a main effect, seen across the five electrode sites. Using paired t tests, the mothers' and strangers' voices were significantly different at the central (Cz), frontal (Fz), and right temporal (T4) electrodes sites (Table 2) .
Linear regression analyses were conducted using the difference wave areas under the curve (area of the slow wave: stranger ERP area Ϫ mother ERP area) at each of the five electrode sites (Pz, Cz, Fz, T3, and T4) as the dependent variables and the neonatal ferritin concentration as the independent variable. The neonatal ferritin value was significantly correlated with the difference wave areas under the curve at the T4 electrode site (R 2 ϭ 0.296, p ϭ 0.009; Fig. 5 ). The ferritin concentration was not correlated with difference wave areas under the curve at the other four electrode sites.
Twenty-eight infants had 1-y testing using the Bayley Scales of Infant Development. The mean Mental Developmental Index score was similar between the groups (n ϭ 28; BID 97 Ϯ 3; BIS 101 Ϯ 2). Psychomotor Developmental Index scores were lower in the BID group than in the BIS group (n ϭ 27; BID 86 Ϯ 8; BIS 103 Ϯ 3; p ϭ 0.03).
DISCUSSION
Our study demonstrates that neonatal auditory recognition memory processing is impaired in iron-deficient newborns of diabetic mothers tested at term postmenstrual age, suggesting that the iron-deficient fetal environment altered the development and/or the function of the neural circuits underlying this process. Impairments were also detected in 1-y motor development at a time when it was likely that all if the infants were iron sufficient (28) .
As with other nutrients that affect brain development, the brain processes that will be most affected by iron deficiency will depend on the timing, degree, and duration of the deficiency (2). For example, Roncagliolo et al. (29) hypothesized that delayed latencies on auditory brainstem evoked response in postnatally iron-deficient children are due to effects on myelination because the time of deficiency corresponded with a period of rapid myelin production. Similarly, Angulo-Kinzler et al. (30, 31) demonstrated abnormal motor activity in 6-to 12-mo-old postnatally iron-deficient infants and postulated that these effects may be mediated through developing dopaminergic striatal pathways. Given that many neural systems are in a different stage of development during late gestation (32) , the effects of gestational/early postnatal iron deficiency are likely to differ from those seen with postnatal iron deficiency.
This study showed three major differences between the BID and BIS groups; an impaired ability to discriminate a familiar from a novel stimulus in the BID group, shorter ERP latencies in the BID group, and poorer motor function ability at 12 mo of age in the BID group. These effects are consistent with the abnormalities in brain development noted in animal models of perinatal iron deficiency (33) (34) (35) .
The ability to discriminate novel from familiar is a recognition memory behavior mediated by the intact hippocampus. The newborn infant demonstrates histologic, behavioral, and neurophysiologic evidence of a functional hippocampus at birth (11) (12) (13) (14) (15) . In our study, the BID infants showed a marked 1038 attenuation in the negative slow wave that is prominent throughout the recording in the BIS group (Figs. 2 and 4) . This was particularly prominent at the right temporal electrode site (T4), where the area of the negative slow wave correlated with the neonatal ferritin value (Fig. 5 ). This neurophysiologic evidence of an inability of the BID infants to discriminate the novel from the familiar stimulus could be due to structural or functional abnormalities in the hippocampally mediated brain pathways for recognition memory. Although no studies in iron-deficient human newborns have assessed the integrity of the hippocampus, rat models demonstrate several significant effects of iron deficiency. For example, a 40% decrease in brain iron impairs neuronal energy metabolism as indexed by cytochrome c oxidase activity in hippocampal subarea CA1 (8) and by phosphocreatine:creatine ratio on magnetic resonance spectroscopy (9). Energy-dependent processes such as early dendritic elongation and subsequent proximal branch formation are delayed in the same model (10) . Furthermore, hippocampal glutamate and GABA concentrations are chronically elevated in perinatal iron deficiency (9) with alterations in NMDA receptor subunit expression (10) . These structural and biochemical changes may result in disruptions in synaptic efficacy, affecting the function of the developing hippocampus.
Differences in the latencies to the peak components of an ERP reflect transmission time in the nervous system and may be related to the density and efficacy of the synapses, the degree of myelination, and the complexity of the involved neural circuitry (36, 37) . Prolonged latencies seen in older infants' auditory brainstem responses have been postulated to be due to impaired myelination of the brainstem (38) . Impaired myelination has been described in rat models of early iron deficiency (39, 40) . The shorter latencies noted in this study of BID neonatal IDMs are not likely to be explained by hypomyelination. First, the latencies to the peak were shorter in the BID group and not prolonged, as would be anticipated with hypomyelination. The P2 peak studied here is thought to represent activation of auditory cortex, and at this stage of neuronal development, myelination is seen mainly in the brainstem and mid-brain in humans and thus is unlikely to affect hippocampal or auditory cortical function at birth (32, 36) . Thus, differences in latencies are unlikely to be due to hypomyelination in the BID group. The faster latencies in the BID group are associated with decreased activity later in the recording (Figs. 2 and 4 ), so they may indicate a lack of sustained neural activity in the recognition memory circuitry, suggesting differences in the formation and function of axons, dendrites, and synapses as opposed to alterations in myelin production. Furthermore, significant differences in the ERPs were found only for the recognition memory task, and latency differences were not noted in the peaks elicited by the speech and nonspeech sounds. Although more subtle differences in sensory processing might be elicited with larger groups of infants, on the basis of the data presented here, we speculate that the primary problem may be within the recognition memory circuitry of the brain, including the hippocampus and other areas of the medial temporal lobe. At 1 y of age, the BID group showed lower Psychomotor Developmental Index scores than the BIS group. Motor function is dependent in part on the striatum, which is heavily innervated with dopaminergic fibers. Multiple studies in rats with early iron deficiency have shown impaired dopaminergic function mainly in the basal ganglia with decreased dopamine receptors, decreased uptake, and increased extracellular concentrations of dopamine (41) (42) (43) . The striatum is important for regulating movement, and iron-deficient rats with altered dopamine status show significant movement disorders (44) . Infants with postnatal iron deficiency have reduced motor activity that does not reverse with iron treatment (30, 31) . Although the Bayley Scales of Infant Development do not directly assess striatal-based movements, impairments in that circuit could affect the performance on motor tasks in the inventory and account for the findings in our study group.
We speculate that prolonged difficulties with motor development seen in the BID group of this study may be consequences of perinatal iron deficiency. We did not obtain 1-y evaluations of iron status in this group of infants. However, a previous study of fetal iron deficiency indicated that the iron deficiency had resolved by 6 -12 mo, even among breast-fed infants who were not supplemented with iron (28) . Thus, we speculate that the effect of perinatal iron deficiency continues beyond the period of deficiency. The finding of prolonged developmental consequences of fetal iron deficiency is consistent with data reported by Tamura et al. (45) . They showed that infants who were born with ferritin concentrations in the lowest quartile performed more poorly on higher cognitive tests at school age than infants with ferritin concentrations Ͼ25th percentile. Although postnatal iron deficiency occurs at a later phase of brain development, it is also associated with shortand long-term negative effects on the developing brain (3, 29, 46, 47) .
In previous studies, children of diabetic mothers have been shown to have lower scores on cognitive testing, attention deficits, and impairment of gross and fine motor achievement compared with control children (48 -50) . These problems have been correlated with poor maternal glycemic control during pregnancy (49) . The degree of iron deficiency in the newborn IDM is also a function of poor maternal glycemic control and to the degree of fetal hypoxia and augmented erythropoiesis (5) . Studies in fetal sheep demonstrate that fetal hyperglycemia with its attendant hyperinsulinemia results in an increased fetal metabolic rate (51, 52) and increased oxygen demand with a compensatory increase in the red cell mass (53) (54) (55) . The latter increases the utilization of iron and in severe cases causes depletion of tissue iron initially from liver, heart, and finally the brain as available fetal iron is shifted into the red cell mass (6, 18) .
Within the chain of events that lead from maternal diabetes to iron deficiency, chronic fetal hypoxia co-occurs with iron deficiency, and maternal diabetes may also result in fetal ketonemia and fetal or neonatal hypoglycemia, all of which may also be harmful to the developing brain. Thus, in the human, it is difficult to disentangle the effects of brain iron deficiency from other metabolic effects of poorly controlled maternal diabetes. This study was designed to determine the contribution of iron deficiency per se to the long-term cognitive outcomes described in IDMs by Rizzo et al. and other investigators (48 -50) by dividing the infants on the basis of their iron status at birth.
Of note in this study, the BIS group also had evidence of lack of adequate maternal glycemic control such that 36% of the infants were macrosomic at birth. Nevertheless, the ERPs recorded in the BIS group revealed findings that are similar to responses previously described in healthy newborn infants (14, 15) as well as normal scores on the 1-y Bayley Scales of Infant Development. This suggests that brain iron deficiency plays a significant role in the ERP differences seen between the groups in our study. The difference in iron status seen between the groups could have been due to impairment of iron transport across the placenta in the BID group as a result of longstanding vascular changes in the placenta (56) or to duration of poor maternal control. Ultimately, we speculate that iron deficiency represents a significant morbidity in IDMs and can result in impairments of cognitive function that is evident at birth. These impairments likely are based in brain structures that are vulnerable to iron deficiency in late gestation and are a function of maternal glycemic control. Long-term follow-up will determine whether the abnormalities seen in the BID group persist over time and are manifested in long-term impairments in recognition memory.
